1. Introduction {#sec1}
===============

*Paris polyphylla* Smith var. *yunnanensis*, a member of the Liliaceae family, is a commercially important species due to its exceptional medicinal properties. Unfortunately, slow growth and over-harvesting for the past several years have led to a significant decline in population and now the species faces the risk of extinction ([@bib61]). The rhizome of this plant is an important ingredient of certain Chinese patented medicines, such as Biyan Qingdu Keli, which is widely used in southern China to treat chronic rhinitis and nasopharyngeal cancer ([@bib10], [@bib12]). Recent pharmacological studies have also demonstrated that the plant has hemostatic, antitumor, uterine contractile, analgesic, and sedative effects ([@bib21], [@bib11]). The main active ingredients of the plant are steroidal saponins ([@bib56], [@bib60]), at least 30 of which have been isolated through phytochemical methods ([@bib30], [@bib57], [@bib62], [@bib63]). These saponins have various effects, including cytotoxicity ([@bib63]). Furthermore, they are potential anti-cancer agents that destroy multidrug-resistant hepatocarcinoma cells ([@bib26]). They have also shown protective effects on ethanol- or indomethacin-induced gastric mucosal lesions in rats ([@bib34]), platelet agonist activity ([@bib7]), and contractile agonist activity in the uterus ([@bib11]).

Steroidal saponins are synthesized via the mevalonic acid (MVA) pathway in the cytoplasm ([@bib13]), or through the non-mevalonate pathway (MEP) in plastids ([@bib45], [@bib46]). Cyclization of 2,3-oxidosqualene leads to the formation of various saponins, catalyzed by oxidosqualene cyclase, combined with modifications on steroid skeletons such as hydroxylations. According to the proposed pathway ([@bib25]), some specific CYP450s and UDP-glycosyltransferases (UGTs) may catalyze the conversion of cycloartenol to various steroidal saponins. To date, several oxidosqualene cyclase genes have been cloned from various plant systems ([@bib4], [@bib17]). However, little is known about the molecular mechanisms of the biosynthetic pathway downstream of cyclization. Despite the pharmacological importance of *P. polyphylla* var. *yunnanensis*, the very limited information on its transcriptome and genome greatly hinders investigations of the mechanism of steroidal saponin biosynthesis.

Usually, older roots contain more saponins and therefore have more commercial value than younger roots. Thus, determining the biosynthetic pathway for saponins and the underlying mechanism of gene regulation of *P. polyphylla* var. *yunnanensis* could be of great significance. Expressed sequence tag (EST) analysis is a useful tool for revealing information about genomes, especially in non-model plants for which no reference genome sequences are available ([@bib33]). In addition, next-generation sequencing is a very useful technique for providing large amounts of expression data to expedite the understanding of metabolic pathways and identify genes ([@bib36], [@bib48]). Although huge amounts of parallel-sequence short reads are yielded by Illumina high-throughput sequencing technology, many de novo assembly tools have been developed to analyze the short read sequences ([@bib53], [@bib54]), facilitating the analysis of these short read sequences in the absence of any reference sequences. RNA-seq transcriptome analysis has become an attractive alternative for in-depth analysis at high resolution. Compared with 454 pyrosequencing, Illumina sequencing has been shown to yield more accurate contigs despite the shorter read-lengths ([@bib31]), owing to substantially more extensive sequence coverage.

In this paper, we characterized the transcriptomes of *P. polyphylla* var. *yunnanensis* roots of different ages, using the de novo Illumina sequencing platform. In order to determine the candidate genes that encode enzymes involved in the saponin biosynthetic pathway, we focused on the transcripts involved in saponin biosynthesis. To our knowledge, this study is the first transcriptome resource for the endangered species *P. polyphylla* var*. yunnanensis\'* roots. Our data and findings will contribute to future studies on the functional genomics and biogeography of this species.

2. Materials and methods {#sec2}
========================

2.1. Plant material {#sec2.1}
-------------------

8-year-old and 4-year-old roots of *P. polyphylla* var. *yunnanensis* plants cultivated on farms are routinely harvested for medical purposes. The plants used in this study were collected from the fields of Kunming City, Yunnan Province, China. They were cleaned, cut into small pieces, immediately frozen in liquid nitrogen, and stored at −80 °C until further processing.

2.2. RNA extraction, library preparation, and sequencing {#sec2.2}
--------------------------------------------------------

For each year, the RNA was extracted from a mixture of several old plants. Total RNA was extracted from roots using the RNeasy Plant Mini Kit (Qiagen), according to the manufacturer\'s instructions. The RNA quality was tested using a 1% ethidium bromide-stained (EtBr-stained) agarose gel, and the concentration was assessed using a GeneQuant100 spectrophotometer (GE Healthcare, UK) before processing. The RNA samples were treated with DNase I (TURBO DNase; Ambion, USA) at a concentration of 1.5 units/l g of total RNA prior to cDNA synthesis. The transcriptome library for sequencing was generated using the Illumina TruSeq™ RNA Sample Preparation Kit (Illumina, San Diego, USA) following the manufacturer\'s recommendations. The clustering of the index-coded samples was performed on a cBot Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-HS (Illumina) according to the manufacturer\'s instructions. After cluster generation was complete, the library preparations were sequenced on an Illumina Hiseq 2000 platform and 100 bp paired-end reads were generated.

2.3. Data processing, assembly, and annotation {#sec2.3}
----------------------------------------------

The sequencing-derived raw images were transformed by base calling into raw reads using CASAVA (<http://www.illumina.com/support/documentation.ilmn>). The raw reads were cleaned by removing reads containing adapter and poly-N, and low-quality reads. In addition, the Q20, Q30, GC-content, and sequence duplication level of the clean data were calculated for high-quality downstream analysis. The reads with quality Q-value over 20 and sequence length longer than 100 bp were assembled with Trinity software ([@bib9]). De novo assembly followed [@bib28]. The longest transcript of each subcomponent was defined as the "unigene" for functional annotation. In order to identify the putative mRNA functions, all the assembled unigenes were searched against the nr database using the BLAST algorithm ([@bib3]) with an E-value cut-off of 10^−5^. In addition, GO terms were extracted from the best hits obtained from the BLASTx against the nr database using the Blast2GO program ([@bib8]). The BLAST algorithm was also used to align unique sequences to the nr and SWISS-PROT databases, with E-value cut-off of 10^−5^, to predict possible functional classifications and molecular pathways.

2.4. Gene expression pattern analysis {#sec2.4}
-------------------------------------

RSEM was used to estimate gene expression levels by mapping clean reads to the Trinity transcripts for each sample ([@bib27]). Then the RPKM method ([@bib37]) was used to normalize and calculate the abundance of all genes using uniquely mapped reads. Differential expression analysis of the two samples was performed by modeling count data with negative binomial distributions described in the DEGseq method ([@bib1], [@bib53]). The *P*-value was adjusted using the q-value ([@bib49]), and q-value b 0.005 & fold change\|log2\| \> 1 was set as the threshold for significantly differential expression. The identified DEGs were used for GO and KO enrichment analyses. GO enrichment analyses were performed using GOseq ([@bib59]), based on the Wallenius non-central hypergeometric distribution, to map all DEGs to terms in the GO database (*P*-value ≤ 0.05), looking for significantly enriched GO terms in DEGs compared with the genome background. KEGG pathway enrichment analysis of the DEGs was done using KOBAS ([@bib32]).

3. Results {#sec3}
==========

3.1. Sequencing and reads assembly {#sec3.1}
----------------------------------

To obtain an overview of the root transcriptome, two sequencing libraries were prepared from the two tissues and sequenced with the Illumina paired-end technique (Accession No: SRS1413148). We generated 13,040,000 raw reads from a 4-year-old root and 13,309,941 from an 8-year-old root ([Table 1](#tbl1){ref-type="table"}). Of the raw reads, 98.37% bases from the 4-year-old root and 98.50% of those from the 8-year-old root had a Q value ≥ 30. The percentages of GC pairs were 50.14% and 49.02% for the 4-year-old and 8-year-old root, respectively. These were used for de novo assembly. Trinity software generated 87,577 all-unigenes ([Table 2](#tbl2){ref-type="table"}) with an average length of 614 bp and an N50 of 972 bp. Of these, 37,170 (42.44%) contained 200--300 bp, 14,008 (16.00%) contained 300--400 bp, 4027 (4.50%) were \>2 000b, and the remaining 4462 (37.06%) contained 400--2000 bp ([Fig. 1](#fig1){ref-type="fig"}).Table 1Raw transcriptome generated on Illumina Hiseq 2000 platform using RNA isolated from the roots of *Paris polyphylla* var. *yunnanensis*.SampleRaw readsBasesQ20Q30Avg. QualityR1 (4 years root)13,040,0001.09(GB)198.37%37.50R2 (4 years root)13,040,0001.06(GB)197.89%37.38R1 (8 years root)13,309,9411.12(GB)198.50%37.62R2 (8 years root)13,309,9411.09(GB)197.90%37.45Table 2Summary of assembled transcriptome data generated on Illumina Hiseq 2000 platform using RNA isolated from the roots of *Paris polyphylla* var. *yunnanensis*.AssemblyStatisticsNumber of unigene87,577Large unigene (\>=1000bp)14,481Maximum unigene length (bp)15,211Mean unigene length (bp)614N50 length (bp)972Total bases (MB)53.77Fig. 1Overview of *Paris polyphylla* var. *yunnanensis* transcriptome assembly (Size distribution of the unigenes was produced from further assembly of contigs after clustering.).

3.2. Functional annotation {#sec3.2}
--------------------------

The 87,577 unigene sequences were first searched against the National Center for Biotechnology Information\'s (NCBI\'s) non-redundant database of protein sequences (nr); SWISS-PROT, a manually annotated and reviewed protein sequence database; and the Clusters of Orthologous Groups (COG) database using the BLAST algorithm (E-value cut off of 10^−5^). As a result, 65,535 unigenes (65.51%) were annotated. The number of unigenes with significant similarity to sequences in the nr, SWISS-PROT, and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases were 30,507 (34.83%), 16,396 (33.72%) and 8345 (18.69%), respectively. We used Gene Ontology (GO) to classify the functions of the annotated genes. Using the GO classification, 47,042 sequences (53.71%) were categorized in three different GO trees (cellular component, molecular function, and biological process). Within cellular components, the unique sequences were further classified in 11 subclassifications, of which the most represented cellular components were cell (22.11%) and cell part (21.91%). Within molecular function, the categories were further classified in 12 subclassifications. The largest subcategory of the molecular function was binding (28.37%), and the second largest was catalytic activity (28.14%). Within biological processes, the unique sequences were further classified in 20 subclassifications, of which the most represented biological processes were metabolic process (26.15%) and cellular process (30.47%) ([Fig. 2](#fig2){ref-type="fig"}).Fig. 2Gene Ontology (GO) classification of the *Paris polyphylla* var. *yunnanensis* transcriptome. GO term assignments to unigenes were based on significant plant species hits against the non-redundant database. Results presented in three main GO categories (cellular component, molecular function, and biological process) and 39 subcategories.

To further understand the transcriptome data, we carried out pathway analysis with the KEGG database, which contains a systematic analysis of inner-cell metabolic pathways and functions of gene products. Pathway-based analyses help to further determine the biological function of genes. A total of 3934 genes were assigned to five KEGG biochemical pathways: metabolism (3171 unigenes), organism system (750), cellular processes (484), genetic information processing (471), and environmental information processing (150). Metabolism was the largest group and was most associated with amino acid metabolism (905), carbohydrate metabolism (885), nucleotide metabolism (510), energy metabolism (332), lipid metabolism (245), and metabolism of cofactors and vitamins (160). Pathways related to genetic information processing composed the second-largest group and included genes involved in translation (129), folding (147), replication and repair (144), and transcription (75). Organismal systems comprised the third-largest group, with a majority of proteins involved in the nervous (92) and endocrine (132) systems. Pathways related to cellular processes and environmental information processing were also well represented by unigenes. These results provide a valuable resource for investigating metabolic pathways in *P. polyphylla*.

3.3. Differential gene expression between roots of different ages {#sec3.3}
-----------------------------------------------------------------

Taking the sequencing depth and gene length on read count into account, we calculated gene expression according to the method of RPKM (reads per kilobase of transcript per million reads mapped). A total of 3082 genes (3.51% of all genes) were significantly differentially expressed genes (DEGs) between the roots of different ages, on the basis of the applied criteria \[q-value \< 0.001 and log2 (fold change) \> 1\]. These DEGs included 1518 upregulated genes (accounting for 49.25% of all significant DEGs) and 1564 downregulated genes (accounting for 50.75% of all significant DEGs) in the 8-year-old root. After mapping them to terms in the GO database and comparing them to the whole transcriptome background, we were able to assign 1278 of the DEGs a GO ID and categorize them into 26 functional groups in three main categories: cellular component, molecular function, and biological process ([Fig. 3](#fig3){ref-type="fig"}). To further investigate the pathways with which these DEGs were involved, we mapped all DEGs to terms in the KEGG database and compared the results with the whole transcriptome background. We assigned a KO ID to 491 genes out of all the DEGs and categorized them into 243 pathways. Specifically, 11 pathways were significantly enriched (corrected *P*-value ≤ 0.05), and tyrosine metabolism, chloroalkane and chloroalkene degradation, and metabolism of xenobiotics by cytochrome P450 were the most significantly enriched.Fig. 3Gene Ontology (GO) classification of the transcriptome of *Paris polyphylla* var. *yunnanensis* roots of different ages. GO term assignments to *P. polyphylla* var. *yunnanensis* unigenes were based on significant plant species hits against the non-redundant database. Results are presented in three main GO categories (cellular component, molecular function, and biological process) and 38 sub-categories.

4. Discussion {#sec4}
=============

4.1. Evaluation of de novo transcriptome assembly quality {#sec4.1}
---------------------------------------------------------

One goal of this study was to establish deep transcriptome databases for *Paris* species producing a variety of bioactive compounds. With the development of RNA-seq, transcriptome analysis has become an attractive alternative for in-depth analysis at high resolution. Compared with 454 pyrosequencing, Illumina sequencing has been shown to yield more accurate contigs despite the shorter read-lengths ([@bib31]), owing to substantially more extensive sequence coverage. However, until now, no genomic data were available for *P. polyphylla*\' root. In this study, we carried out de novo transcriptome assembly using short-read (Illumina) sequencing. Despite the shorter reads, our assembly is comparable to other published transcriptomes using 454 pyrosequencing ([@bib2], [@bib52]).

As shown in [Fig. 3](#fig3){ref-type="fig"}, more than 4.6% of unigenes were greater than 2 kb, and 15.9% of unigenes were greater than 500 bp. These results demonstrated that the assembly effectively captured a large portion of the transcriptome. Another useful metric is the BLAST hit corresponding to each proportion of the unigenes. Due to the lack of genomic resources for *Paris*, the proportions of unigenes that were significantly similar to known genes in GenBank were considered the "gold standard" reference in our studies. Nearly 65.51% of our unigenes had matches in the nr database, as many as in other de novo assemblies ([@bib50]). The large quantity of unique sequences should cover the vast majority of genes from *P. polyphylla* var. *yunnanensis* root and, for the first time, provides a powerful gene resource for this medicinal plant. Furthermore, these results indicate that for transcript profiling and gene discovery Illumina sequencing represents a good alternative to 454 pyrosequencing, which is time consuming, labor intensive, and expensive.

4.2. Gene expression differences between roots of different ages {#sec4.2}
----------------------------------------------------------------

The root tissue is the main site of steroid saponin biosynthesis in *P. polyphylla* var. *yunnanensis*; thus, the cDNA library was created from this tissue. We predicted protein functions using the annotation searched in BLASTX against the nr database. Of the 87,577 sequences, 65% coded for proteins whose functions were known. According to the GO database, 59%, 29%, and 12% of genes could be classified as having molecular, biological, and cellular functions, respectively. Within molecular functions, the most represented category of the unique sequences, genes were associated with binding, catalytic enzymes, structural molecule activity, and transporting. The second most represented category was biological process; these unique sequences were associated with metabolic processes, cellular processes, localization, pigmentation, and response to stimulus. These results aligned with the view that external stimuli can alter plants\' growth and development ([@bib22]). Under the cellular compound category, cell and cell part were significantly represented. More ESTs were present in the 8-year-old than in the 4-year-old roots.

The KEGG pathway database contains information on networks of intracellular molecular interactions and their organism-specific variations ([@bib23]). To identify the biological pathways in *P. polyphylla* var. *yunnanensis*, we mapped the annotated sequences to the reference by KEGG. The annotation information enabled gene functions and metabolic pathways to be determined. Only 7721 unique sequences (16.41% of the total) were assigned EC numbers and had 243 unique mappings to KEGG biochemical pathways representing six categories and 36 subcategories. Metabolism, the most represented category, contained the subcategories of carbohydrate metabolism, lipid metabolism, energy metabolism, secondary metabolism, amino acid metabolism, glycan metabolism, and vitamin cofactor metabolism. The transcripts for glycolysis/glyconeogenesis are the largest subcategory in carbohydrate metabolism. Glycolysis/glyconeogenesis is known to be very important for plant and non-plant species development, including nutrient limitation and osmotic and non-osmotic stress ([@bib44]). The second subcategory is lipid metabolism. Fatty acids are important for the stabilization of plant cells and responsible for plants\' cold stress tolerance and antifungal activity ([@bib24]).

The second major category is environmental information processing. Transcripts encoding ATP-binding cassette transporters found in this category have long been recognized as a class of ubiquitously distributed proteins, which has often been cited as one of the largest found in nature ([@bib16]). The main function of this protein superfamily is to mediate the energy-driven transport across membranes of a multitude of substances ([@bib38]). Generally, ATP-binding cassette transporters are characterized by the alternating occurrence of two transmembrane domains and two nucleotide binding domains in tandem ([@bib18], [@bib19]). Mitogen-activated protein kinase pathways serve as highly conserved central regulators of growth, death, differentiation, proliferation, stress responses, metabolism photosynthesis, fatty acid oxidation, and provision of energy to bacteroids in root nodules ([@bib39]).

Generally, both upregulation and downregulation of gene expression occur during different stages of development. Huijun et al. found that the number of upregulated and downregulated genes may not correlate perfectly with the stage of development (2014). In that study, between bud and senescence libraries, 3616 differentially expressed transcripts were found, including 1444 upregulated transcripts and 2172 downregulated transcripts. A total of 3711 DEGs were upregulated and 1751 DEGs were downregulated in the open flower stage, compared with the senescent flower stage. In our study, 3082 DEGs were identified in *P. polyphylla* var. *yunnanensis*. The relative genomic proportions are unknown due to the lack of genome resources. About 49% of genes increased in abundance and more than 51% were decreased in abundance. Among the DEGs in *P. polyphylla* var. *yunnanensis*, over 50% of them had no homologues in the NCBI nr database. Some of these genes might represent new transcripts that have not been reported in previous studies.

Gene expression was calculated using RPKM. On the basis of the applied criteria, 3082 genes (6.55% of all genes) were identified as significant DEGs between the roots of different ages. The most abundant *P. polyphylla* var. *yunnanensis* transcript expressed in the 8-year-old root was annotated as UDP-glucuronosyl/UDP-glucosyltransferase. Glucuronosyltransferases are responsible for glucuronidation, a major process in phase II metabolism. In corn, the two UGTs like BX8 and BX9 specifically glucosylate benzoxazinoids ([@bib43]). The most abundant *P. polyphylla* var. *yunnanensis* transcript expressed in the 4-year-old root was annotated as a HSP20-like chaperone. Heat shock proteins are a group of proteins that are induced by heat shock ([@bib5]). Production of high levels of heat shock proteins can also be triggered by exposure to different kinds of environmental stress conditions, such as infection, inflammation, exercise, exposure of the cell to toxins, starvation, hypoxia, nitrogen deficiency (in plants), or water deprivation. As a consequence, the heat shock proteins are also referred to as stress proteins and their upregulation is sometimes described more generally as part of the stress response ([@bib47]).

4.3. Candidate genes involved in the carotenoid biosynthesis pathway {#sec4.3}
--------------------------------------------------------------------

Saponins are major therapeutic components in *P. polyphylla* var. *yunnanensis*. The two isoprenoid pathways in plants are the backbone of saponin synthesis. The first of these pathways is the cytosol MVA pathway, producing the end product isopentenyl pyrophosphate (IPP); the other is the plastidial deoxyxylulose-5-phosphate pathway, with the end products IPP and dimethylallyl pyrophosphate (DMAPP) ([@bib29]). The MVA pathway starts with the condensation of acetyl-CoA ([@bib42]), whereas the MEP pathway needs pyruvate and glyceraldehydes 3-phosphate ([@bib6]). By sequential head to tail addition of IPP and its allelic isomer DMAPP ([@bib55]), geranyl pyrophosphate is synthesized and then leads to farnesyl diphosphate. Next, the biosynthesis of squalene from farnesyl diphosphate constitutes the first commitment of carbon from the isoprenoid pathway toward triterpene biosynthesis. The next step is the oxidation of squalene, which leads to 2,3-oxidosqualene synthesis. 2,3-oxidosqualene can serve as the substrate for the synthesis of saponins by cyclization to cycloartenol and a dammarane-type triterpene skeleton. As shown in [Fig. 4](#fig4){ref-type="fig"}, oxidosqualene is a precursor that is common to the biosynthesis of both steroids and triterpenoids in higher plants ([@bib13]). The conversion of protopanaxadiol to protopanaxatriol is then catalyzed by a specific CYP450. Finally, one or multiple monosaccharides are added to triterpene aglycones by UGTs, leading to the production of various ginsenosides. In the *P. polyphylla* var. *yunnanensis* transcriptome dataset, most of the candidate genes involved in the MVA, MEP, and saponin biosynthesis pathways were present ([Table 3](#tbl3){ref-type="table"}). In almost all the cases, more than one unique sequence was annotated as the same enzyme. These unique sequences may represent different fragments of a single transcript, different members of a gene, or both. The results highlight the immense capacity of high-throughput sequencing to discover genes involved in metabolic pathways.Fig. 4*Paris polyphylla* var. *yunnanensis* unigenes involved in saponin biosynthesis. The number in the bracket following each gene name indicates the number of corresponding unigenes.Table 3List of genes involved in saponin biosynthesis.Gene nameEC numberTranscript IDTotal ESTs[a](#tbl3fna){ref-type="table-fn"}Acetyl Co-acetyl transferase2.3.1.9comp83111_c0_seq110comp87428_c1_seq2comp87428_c0_seq1comp36197_c0_seq1comp91473_c0_seq1comp68676_c0_seq1comp476453_c0_seq1comp74794_c0_seq1comp22481_c0_seq1comp88621_c0_seq1HMG-CoA synthase2.3.3.10comp327490_c0_seq12comp94328_c0_seq8HMG-CoA reductase1.1.1.34comp94358_c2_seq4;4comp91672_c0_seq1comp94358_c2_seq3comp94358_c2_seq2Mevalonate kinase2.7.1.36comp90803_c0_seq14comp90803_c0_seq3comp90803_c0_seq5comp482484_c0_seq1Phosphomevalonate kinase2.7.4.2comp90359_c0_seq11Mevalonate diphosphate decarboxylase4.1.1.33comp95348_c0_seq411-deoxy-[d]{.smallcaps}-xylulose-5-phosphate synthase2.2.1.7comp75138_c0_seq15comp197365_c0_seq1comp82529_c1_seq1comp82529_c0_seq1comp92318_c0_seq21-deoxy-[d]{.smallcaps}-xylulose-5-phosphate reductoisomerase1.1.1.267comp89994_c0_seq112-C-methyl-D-erythritol 4-phosphate cytidylyl transferase2.7.7.60comp89603_c0_seq44comp89603_c0_seq2comp89603_c0_seq1comp89603_c0_seq34-diphosphocytidyl-2-C-methyl-D-erythritol kinase2.7.1.148comp485602_c0_seq12comp95163_c0_seq24-hydroxy-3-methylbut-2-enyl diphosphate reductase1.17.1.2comp94925_c0_seq31Isopentenyl diphosphate isomerase5.3.3.2comp89875_c0_seq11Geranylgeranyl diphosphate synthase2.5.1.29comp62094_c0_seq17comp86532_c0_seq1comp93332_c0_seq1comp93332_c0_seq2comp57192_c0_seq1comp92260_c0_seq1comp86814_c0_seq2Farnesyl diphosphate synthase2.5.1.10comp79513_c0_seq12comp88440_c0_seq2Squalene synthase2.5.1.21comp36497_c0_seq13comp241115_c0_seq1comp90479_c2_seq1Squalene epoxidase1.14.13.132comp93612_c0_seq23comp93612_c0_seq3comp88004_c1_seq1Cycloartenol synthase5.4.99.8comp18960_c0_seq13comp95850_c0_seq1comp392455_c0_seq1[^1]

Most of the genes involved in the MVA and MEP pathways were found in our transcriptome, including acetyl CoA-acetyltransferase (EC 2.3.1.9, 10 unigenes), HMG-CoA reductase (EC 1.1.1.34, 4 unigenes), HMG-CoA synthase (EC 2.3.3.10, 2 unigenes), mevalonate kinase (EC 2.7.1.36, 4 unigenes), phosphomevalonate kinase (EC 2.7.4.2, 1 unigenes), mevalonate diphosphate decarboxylase (EC 4.1.1.33, 1 unigenes), 1-deoxy-[d]{.smallcaps}-xylulose-5-phosphate synthase (EC 2.2.1.7, 5 unigenes), 1-deoxy-[d]{.smallcaps}-xylulose-5-phosphate reductoisomerase (EC 1.1.1.267, 1 unigenes), 2-C-methyl-D-erythritol 4-phosphate cytidylyl transferase (EC 2.7.7.60, 4 unigenes), 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase (EC 2.7.1.148, 2 unigene), and 4-hydroxy-3-methylbut-2-enyl diphosphate reductase (EC 1.17.1.2, 1 unigenes). However, 2-C-methyl-D-erythritol, 2,4-cyclodiphosphate synthase (EC 4.6.1.12), and 4-hydroxy-3-methylbut-2-enyl diphosphate synthase (EC 1.17.7.1) were not found. Their absence indicates that plastids were not an important saponin biosynthesis site in *P. polyphylla* var. *yunnanensis* roots. These enzymes catalyze the synthesis of IPP, which is then converted to squalene by another series of enzymes that include isopentenyl diphosphate isomerase (EC 5.3.3.2, 1 unigenes), geranylgeranyl diphosphate synthase (EC 2.5.1.29, 7 unigenes), farnesyl diphosphate synthase (EC 2.5.1.10, 2 unigenes), and squalene synthase (EC 2.5.1.21, 3 unigenes). Subsequently, squalene is catalyzed to 2, 3-oxidosqualene squalene by monooxygenase (EC 1.14.13.132, 3 unigenes). Then, cycloartenol synthase converts 2,3-oxidosqualene to cycloartenol, leading to the creation of sterols. Cycloartenol synthase breaks 11 bonds of 2,3-epoxysqualene to form 11 new ones that transform the acarbocyclic epoxysqualene to the plant sterol precursor cycloartenol in *Arabidopsis thaliana* ([@bib4]). This event is a branch point for sterol and triterpenoid biosynthesis in plants and is also the rate-limiting step ([@bib41]). There were also three cycloartenol synthase (E.C. 5.4.99.8, 3 unigenes) unigenes ([@bib40]) in our *P. polyphylla* var. *yunnanensis* dataset. In the downstream reaction path, CYP450s are known to be involved in the synthesis of terpenoids and sterols, including other secondary metabolites, such as fatty acids, hormones, and defense-related phytoalexins ([@bib35]). By comparison, more than 100 CYP450 unique sequences were found in our dataset. Although we cannot be certain exactly which CYP450 candidates are involved in saponin biosynthesis in *P. polyphylla* var. *yunnanensis*, this large number of CYP450 candidates provides a potential gene pool to identify the correct candidates. Saponin is often glycosylated before bioactivation. eGlycosylation occurs through the transfer of activated saccharides to an aglycone substrate and is often the last step in the biosynthesis of natural plant products. It plays an important role in stabilizing the product and altering its physiological activity ([@bib15]). In this study, more than 200 GT unique sequences were found in the *P. polyphylla* var. *yunnanensis* root transcriptome. This large number of GT candidates also provides a potential gene pool to identify the gene involved in saponin biosynthesis in *P. polyphylla* var. *yunnanensis.*

Our de novo analysis identified 3082 DEGs between the 8-year-old and 4-year-old root. Many of these genes were involved in saponin biosynthesis pathways in both transcriptomes. A comparison of saponin biosynthesis in the roots of different ages showed that some genes involved in saponin biosynthesis were upregulated in the 8-year-old root, an understandable finding considering that the amount of saponin is higher in older roots. For example, squalene epoxidase (EC 1.14.99.7) was expressed at a higher level in the 8-year-old root. This membrane-associated enzyme, active in the middle stage of the sterol biosynthetic pathway, catalyzes the conversion of squalene to 2,3-oxidosqualene. The inducibility of saponin biosynthesis has in most cases been analyzed using in vitro cultures. For example, the exposure of plant cell cultures of *Panax ginseng* and *Glycyrrhiza glabra* to methyl jasmonate or other elicitors showed that squalene synthase is rapidly induced ([@bib14], [@bib20]). In addition, CYP450, which is required for saponin epsilon-ring hydroxylation activity in *Arabidopsis* ([@bib51]) was higher in the 8-year-old root.

Plant secondary metabolites are one of the most important sources of new drugs. However, due to the lack of genetic and genomic information for most plants, relatively little is known about the related biosynthetic genes and their mechanisms. Our study created a dataset for *P. polyphylla* var. *yunnanensis* and provides significant resources for gene discovery in this species that will pave the way to characterize the biosynthetic pathways of saponins.
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[^1]: EST = expressed sequence tag.
